The present study was undertaken to investigate the radiosensitizing effects of 2-deoxy-D-glucose (2DG), a glycolytic inhibitor, and ferulic acid (FA), a phenolic prooxidant, in relatively radioresistant human non-small cell lung carcinoma cells (NCI-H460). NCI-H460 cells were treated with 4 mM 2DG and/or 53.8 μM FA for 24 h and then exposed to 2 Gy irradiation. Compared to cells that were 2 Gy-irradiated alone (50%), FA and 2DG with radiation (FA+2DG+IR) showed additional decrease in cell viability (15%). This has been further validated by decreased (86%) colony formation in 2DG+FA+IR group compared to 2DG (29%), FA (24%) and IR (37%) group alone. Increased apoptotic cells (84%) in 2DG+FA+IR group further confirm the radiosensitizing property of 2DG or FA. In NCI-H460 cells 2DG decreased NADPH levels (10%) and FA increased ROS levels leading to enhanced oxidative damage in the 2DG+FA+IR group. This was reflected as altered mitochondrial membrane potential, increased lipid peroxidative markers (TBARS), DNA damage and decreased intracellular glutathione (GSH) levels in combined treatment groups when compared to radiation or 2DG or FA treatment alone. The present study suggests that FA and 2DG act by increasing oxidative damage in NCI-H460 cells.
Introduction
Lung cancer cells are only modestly responsive or even unresponsive to the cytotoxic effects of chemotherapeutic agents or radiotherapy [1] . Increased concentrations of cytotoxic drugs and higher dosages of irradiation fail to improve the response to therapy and it leads to resistance to apoptosis in lung cancer cells [2] . Thus, it is imperative to identify anticancer agents that are nontoxic and highly effective to induce cell death preferentially in tumor cells. Any compound that increases the therapeutic efficacy of radiation without dose escalation will therefore be beneficial for cancer treatment [3] .
Cancer cells exhibit altered metabolism and the glycolysis is strongly upregulated in many cancer cells (the Warburg phenomenon). The glucose uptake of these cancer cells may in fact be crucial to their antioxidant defenses, as it has been shown that glucose deprivation can induce potentially lethal oxidative stress in many cancer cell lines [4] [5] [6] [7] [8] . In these cells, flux of glucose through the pentose phosphate shunt is required for efficient generation of NADPH, which maintains the high ratio of reduced to oxidized glutathione (GSH/GSSG) required for optimal control of oxidative stress; in addition, glycolytic flux generates pyruvate, which can function as a peroxide scavenger [9] . The increased glucose uptake in cancer cells is most probably a requirement to meet multiple processes including antioxidant defenses, protein glycosylation and angiogenesis [10, 11] . It has been suggested that many cancers may be selectively susceptible to oxidative damage if systemic glucose deprivation is imposed. 2-Deoxy-D-Glucose (2DG) is a glucose analog that is able to competitively inhibit glucose uptake and metabolism [12] . 2DG exhibits cytotoxicity by inducing prooxidant production and disruptions in thiol metabolism with metabolic oxidative stress in cancer cells and also interfere with N-linked glycosylation [5, 10] .
Elevated ROS levels inhibit cancer progression through the stimulation of pro-apoptotic-signals, leading to the death of cancer cells [13] . Tumor cells have higher levels of ROS than their normal counterparts and are therefore more sensitive to the additional oxidative stress generated by anticancer agents [14] . Emerging evidence suggests that ROS induce programmed cell death in several cancer cells [13] . Recently, many compounds like phenolic phytochemicals have been shown to induce apoptosis in cancer cells by the generation of ROS [15] . Plant phenolics are usually considered to be antioxidants, but they also exhibit prooxidant properties in cancer cells, this is because of acidic environment that prevails in cancer cells and presence of high levels of peroxidases which act on phenolics and produce phenoxy radicals [16] . Some phenolic compounds such as catechin, quercetin and curcumin have been reported to exert prooxidant actions and DNA damaging ability [17, 18] . The prooxidant action of phenolic phytochemicals has been predicted to be an important mechanism for the radiosensitization property in cancer cells [19] . Earlier reports from our laboratory indicated the radiosensitizing effect of FA, a dietary phenolic acid, in cervical cancer cell lines through a prooxidant menchanism (unpublished data). Moreover, FA protects normal human blood lymphocytes from radiation effects [20] . Hence, 2DG and FA induces selective cytotoxicity in cancer cells by different modalities. We predicted that combined treatment with these compounds will enhance the radiation effects in cancer cells. The assumption is that even the solid tumors present in lungs may have a good supply of oxygen. Thus, the present work was carried out under normoxia to mimic the conditions that prevail in the lungs. In addition, for radiosensitization experiments, normoxic conditions are quite pertinent, as oxygen involves in the generation of ROS during radiation exposure. In this present study, we investigated the radiosensitizing effect of 2DG and FA in relatively radioresistant human non-small cell lung carcinoma cells (NCI-H460). In normal cells, where energy is derived through the respiratory pathway, the energy supply is expected to be affected by 2DG. Thus, in the present study, we also tested whether 2DG exhibits any cytotoxic effect on normal lymphocytes. 
Experimental Procedures

Chemicals
Cell lines and culture conditions
The present work was carried out using a non-small cell lung carcinoma cell line (NCI-H460) obtained from the National Centre for Cell Science (NCCS), Pune, India. The cells were grown as monolayers in RPMI-1640 medium supplemented with 10% FCS, 1 mM sodium pyruvate, 10 mM HEPES, 1.5 g/L sodium bicarbonate, 2 mM L-glutamine, and 10,000 U/ml penicillin, 10 mg/ml streptomycin. Stocks were maintained in 25 cm 2 tissue culture flasks at 37°C in a 5% CO 2 incubator. 
Drug treatment and dose fixation study
Experimental groups
To evaluate the radiosensitizating potential of 2DG and FA, the NCI-H460 cells were treated with 4 mM 2DG and/or 53.8 μM FA for 24 h and then exposed to 2 Gy irradiation. Irradiated cells were transported to the laboratory in an ice box and maintained in 5% CO 2 for 24 h and cellular changes were measured. 
Experimental design for lymphocyte study
Blood samples were aseptically collected in heparinized sterile tubes from the median capital vein of nonsmoking healthy individuals. The isolation of human blood lymphocytes is described elsewhere [20] . In order to find out whether 2DG has any cytotoxic effect on normal lymphocytes, lymphocytes were divided into 6 groups and treated with different concentrations of 2DG (0, 2, 4, 6, 8 and 10 mM).
Irradiation procedure
Radiation doses were given as single fractions. Irradiation was carried out using a Phonex Teletherapy Unit (Cobalt 60), G.V.N. Cancer Hospitals, Trichy, India. Radiation dose was given at a rate of 1.6 Gy/min.
Cell viability assay
The proliferation activity of cell populations under different treatment conditions were determined by the MTT assay based on the detection of mitochondrial dehydrogenase activity in living cells [21] . Absorbance was measured colorimetrically at 570 nm. In the MTT assay, after 24 h incubation of cells under different treatment modalities, the percentage of cells that retained capacity to convert MTT into formazan product in different groups was compared. Cell viability in different treatment groups was compared with a parallel experiment with no agent.
Clonogenic cell survival assay
Cells were assayed for clonogenic cell survival as described previously [22] . NCI-H460 cells were seeded at 2 x 10 5 cells/ml in 25cm 2 tissue culture flasks and allowed to grow in a 37°C incubator until they reached 75% confluence. 2DG and FA were added directly to the growth media for the indicated times, after which the plates were exposed to IR (for the groups mentioned). After IR exposure, cells were trypsinized, diluted, counted, and seeded into 60-mm cloning dishes at densities of 100-20,000 cells/dish. Colonies were allowed to grow in a humidified 5% CO 2 , 37°C environment for 8 days, after which they were fixed, stained, and counted. Dose response survival curves were plotted on a log-linear scale.
Measurement of reduced glutathione levels
Reduced glutathione (GSH) assay was carried out according to the procedure described elsewhere [23] .
NADPH and NADP
+ measurements
After incubating the cells with different treatment compounds for 24 h, cells were washed with PBS and scrape-harvested. After centrifugation at 320 g for 5 min, the cell pellet was suspended in extraction buffer and sonicated. The solution was centrifuged at 5000 g for 5 min. The supernatants were collected and analysed immediately for NADP + and NADPH according to the previously described method [24] .
Determination of intracellular ROS generation
ROS was measured by using a non-fluorescent probe, 2, 7-dichlorodihydrofluorescein diacetate (H 2 -DCFDA) that can penetrate into the intracellular matrix of cells, where it is oxidized by ROS to fluorescent dichlorofluorescein (DCF). Cells were incubated with 1 µl of H 2 -DCFDA (13 mM) fluorescence probe for 15 min [25] . The intensity of excitation and emission, 490 and 520 nm respectively, was then measured using a fluorescence spectrophotometer. Fluorescence microscopy images were taken using blue filter (450-490 nm) using a Nikon TS500 fluorescence microscope.
Measurement of lipid peroxidation markers
At the end of the 24 h incubation period, NCI-H460 cells were scrape-harvested in ice-cold PBS and centrifuged at 4°C, the supernatant discarded, and the cell pellets used for the measurement of lipid peroxidative markers TBARS, LHP according to the procedures described elsewhere [26, 27] .
Measurement of oxidative DNA damage
DNA damage was estimated by alkaline single cell gel electrophoresis (comet assay) according to the method of Singh et al., 1988 [28] . The extent of DNA damage was estimated by fluorescence microscopy using a digital camera and analyzed by image analysis software, CASP [29] . For each sample, 100 cells were analyzed and classified visually into one of five classes according to the intensity of fluorescence (DNA) in the comet tail. DNA damage was quantified as tail moment, tail length and Olive tail moment [30] .
Changes in mitochondrial transmembrane potential (Δψ m )
The change in Δψ m in different treatment groups was observed microscopically and determined fluorimetrically using fluorescent dye Rh-123. After incubation with treatment compounds for 24 h, 1 µl of fluorescent dye Rh-123 (5 mmol/l) was added and kept in the incubator for 15 min as described in Bhosle et al., 2005 [25] . The cells were then washed with PBS and observed with a fluorescence microscope using blue filter (450-490 nm). Polarized mitochondria emit orange-red fluorescence due to Rh-123 accumulation and depolarized mitochondria emit green fluorescence. The fluorescence intensity was measured at 535 nm. conditions. We found that 2DG at 4 mM and FA at 53.8 µM concentrations resulted in a 50% decrease in cell viability. 2DG combined with FA further decreased the cell viability (40%). 2DG+FA+IR showed further decrease in cell viability to 15%. Figure 2b shows results of the clonogenic survival assay in different treatment groups. 2DG+FA+IR significantly decreased colony formation (86%) compared to 2DG (29%), FA (24%) and IR (37%) alone. Figure 3a shows the results of GSH levels in different treatment groups. GSH levels were decreased when treated with 2DG, FA and IR compared to untreated control. The 2DG+FA (28 nmol/mg protein) group showed a decrease in GSH levels compared to either 2DG (33 nmol/mg protein) or FA (35 nmol/mg protein) alone. In the 2DG+FA+IR group (17 nmol/mg protein), there was a further decrease in GSH level compared to the 2DG+FA treated group. During 2DG treatment the cancer cells ability to metabolize hydroperoxides could be compromised based on the fact that 2DG could compete with glucose for metabolism in the pentose phosphate cycle to allow for the regeneration of NADPH from NADP + . NADPH levels were significantly decreased with 2DG treatment (Figure 3b) . FA treatment alone does not alter NADPH levels significantly. Combination of 2DG+FA+IR (6 nmol) further decreased NADPH levels. The ratio of NADP + / NADPH was significantly increased in the 2DG+FA+IR treated group compared to the 2DG+FA group.
Morphological study of apoptosis
Effect on reduced glutathione and NADP + /NADPH levels
Effect on intracellular ROS production, lipid
peroxidation and DNA damage Lipid peroxidation is an indication of cellular oxidative stress. Figure 4b shows the levels of lipid peroxidation markers i.e. thiobarbituric acid reactive substances (TBARS) and lipid hydroperoxides (LHP) in different treatment groups. The levels of TBARS and LHP increased in 2DG, FA and IR treated groups compared to untreated control. Combined treatment (2DG+FA+IR) resulted in increased levels of lipid peroxidative markers i.e. TBARS and LHP in NCI-H460 cells. Figure 6e shows photomicrographs of DNA damage (comet assay) in different treatment groups. The control cell shows largely non-fragmented DNA. We observed fragmented DNA in 2DG, FA and radiation treated cells which appear as a comet during single cell gel electrophoresis. The comet lengths were analyzed by CASP software. Figure 4 shows the changes in the levels of % DNA in the tail (Figure 4c ) and tail length (Figure 4d ) in different treatment 
Effect on mitochondrial membrane potential and apoptotic morphology
Mitochondrial membrane potential changes, as measured by Rh-123 fluorescence in different treatment groups, are shown in Figure 5a . Mitochondrial membrane potential was reduced in the 2DG+FA treatment group compared to the 2DG or FA treatment groups alone.
Membrane potential in the 2DG+FA+IR treated group was reduced 2.3 fold compared to the FA+IR treatment group. Fluorescence microscopic images (Figure 6c) show accumulation of Rh-123 dye in the control group and the accumulation decreasing in treatment groups as the membrane potential decreased. Apoptotic morphological changes in different treatment groups are shown in Figure 6d . Cells with condensed or fragmented chromatin, indicative of apoptosis, were observed in different treatment groups as compared to control cells which showed evenly distributed green fluorescent chromatin. Figure 5b shows the quantitative result of apoptosis in the different treatment groups. 2DG, FA and 2DG+FA treated groups showed 43%, 36% and 58% of apoptotic cells respectively. We observed 84% apoptotic cells in 2DG+FA+IR treated group. These results together with membrane potential alterations in the 2DG+FA+IR treatment group indicate that apoptosis would be the mode of cell death induced by this combination.
Effect of 2DG on normal lymphocytes
The effect of 2DG on different parameters ((a) percentage cell viability, (b) reduced glutathione levels, (c) NADP + /NADPH ratio and (d) TBARS levels) in normal human lymphocytes is shown in Figure 7 . 2DG did not cause any significant change in percentage cell viability, reduced glutathione level, NADP + /NADPH ratio or TBARS level. No significant changes in the intracellular ROS generation, as evidenced by uniform DCF fluorescence in all the treatment groups (Figure 7f ) and no DNA damage, as evidenced by no changes in the % tail DNA (Figure 7e ), in normal lymphocytes during 2GD treatment.
Discussion
Therapy options for `combined modality therapy' for advanced non-small cell lung cancer (NSCLC) have expanded progressively in recent years and the search for promising new classes of agents that address specific molecular alterations continues. We evaluated the radiosensitizing potential of 2DG combined with FA in the NCI-H460 cell line. FA is a dietary phytochemical and it acts as a prooxidant in cancer cells. The logic behind combining 2DG with FA is to expose the cells to different cytotoxic modalities and cause maximal cancer cell death.
The combination of 2DG+FA+IR greatly inhibits cell viability and colony forming capacity of NCI-H460 cells, possibly because of increased oxidative stress. Previous studies have shown that 2DG selectively radiosensitizes fully transformed rodent cells to a greater extent than non-transformed cells by a mechanism that can be inhibited using the thiol antioxidant, N-acetylcysteine [5] . In MDA-MB231 breast and FaDu human head and neck cancer cells, 2DG-induced cytotoxicity can be significantly enhanced when combined with BSO (L-buthionine-(S,R)-sulfoximine), an inhibitor of GSH synthesis and hydroperoxide metabolism [22, 32] . In addition, 2DG sensitizes cancer cells to cisplatin and adriamycin [22, 33] , which are thought to induce oxidative stress. 2DG enhances the cytotoxic effects of therapeutic agents like etoposide, camptothecin and Hoechst 33342 in cerebral glioma cells [34] . The enhanced cytotoxic effect observed in 2DG+FA+IR compared to 2DG+IR indicates the radiosensitizing property of FA in cancer cells. Phenolic phytochemicals like curcumin enhance the radiation effects in the PC-3, prostate cancer cell line [35] . Curcumin also acts as a radio-sensitizer and increases the effect of gamma-radiation on hamster ovary cells [36] and potentially prevents radio-resistance to irradiation in experimental animals [37] .
2-deoxy-D-
We have observed significant decrease in GSH levels, NADPH levels and an increase in the NADP + / NADPH ratio in the 2DG+FA+IR group. 2DG, as an inhibitor of glucose metabolism, would interfere with alterations in GSH and NADPH levels. Even though the precise mechanism responsible for the cytotoxic and radiosensitizing effects of 2DG has been elusive, a significant amount of data has been accumulated highlighting that glucose deprivation induces cytotoxicity via metabolic oxidative stress [4, 38] . Glucose deprivation-induced oxidative stress was reported to arise from defective metabolic pathways, in particular glycolysis and the pentose phosphate pathway [39] . Pyruvate, the end product of glycolysis, has been shown to scavenge H 2 O 2 and other hydroperoxides [40] . The pentose phosphate pathway results in the regeneration of NADPH from NADP + . NADPH, being the source of reducing equivalents for the glutathione/glutathione peroxidase/glutathione reductase system, has also been shown to participate in the detoxification of H 2 O 2 and organic hydroperoxides [41] . Taken together with reduced glutathione levels ( Figure 3a) these results indicate that 2DG induces a significant impairment in the cell's ability to regenerate NADPH from NADP + to recycle glutathione disulfide. Coleman et al. [7] has similarly reported that 2DG induced cytotoxicity is mediated through decreased glutathione levels as well as NADPH levels. Lin et al. [5] have shown that 2-DGinduced cytotoxicity and radiosensitization in HeLa cells is mediated via disruptions in thiol metabolism.
Consistent with these results, we have observed an increase in intracellular ROS levels as evidenced by increased DCF fluorescence. The prooxidant nature of FA and glucose deprivation induced metabolic oxidative stress by 2DG, might have contributed to the increased intracellular ROS production in the combined treatment group (2DG+FA+IR). Aykin-Burns et al. [8] reported that increased levels of superoxide and H 2 O 2 mediate the susceptibility of cancer cells to glucose deprivation. Relative to normal cells, cancer cells have higher steady state levels of ROS that are compensated by increased metabolism of glucose and that when glucose metabolism is restricted, O 2 • -and H 2 O 2 significantly contribute to the differential susceptibility of cancer cells to oxidative stress and cell death. Our findings are also consistent with previous reports describing biochemical changes consistent with oxidative stress associated with differential susceptibility of transformed versus normal cells to glucose-deprivation-induced cytotoxicity [5, 38] . We observed increased ROS levels in the 2DG treated NCI-H460 cells, possibly due to restricted glucose metabolism which results in elevated levels of superoxide and H 2 O 2 . Free radicals generated by FA might have augmented the oxidative stress, which was already compromised by restricted glucose metabolism in the 2DG+FA+IR treatment group. The increased ROS levels during combined treatment of 2DG+FA induced oxidative damage in NCI-H460 cells, observed as increased lipid peroxidation products in our study. Lipid peroxidation is one of the consequences of oxidative stress. We observed an increase in the levels of lipid peroxidation markers TBARS and LHP. Previous reports also indicatethat increased intracellular ROS levels disrupt the biological membranes and cause cytotoxicity [42] .
The induction of DNA single strand breaks is often used to predict the radiosensitivity of tumor cells. The extent of DNA damage was greater in the 2DG+FA+IR treated group compared to any other group (Figure 6e) . Phytochemicals have been reported to induce DNA damage in cancer cells by reactive oxygen species generation [43] . 2DG leads to an inhibition of DNA repair pathways after exposure to radiation [44] . Impairment of ATP production and energy metabolism are the obvious mechanisms proposed to explain this inhibition of DNA repair pathways [44] . The reason for increased DNA damage in 2DG+FA+IR, compared to 2DG+IR group (Figure 4c,d) , might be increased generation of ROS by FA. Damage to DNA by ROS and RNS (Reactive Nitrogen Species) is reported to initiate signaling cascades and results in activation of transcription of specific groups of genes which may lead to apoptosis [45] . Zoberi et al. [46] reported that resveratrol, a polyphenolic compound, alters cell cycle progression and shows a cytotoxic response to ionizing radiation in cervical cancer cell lines.
Loss of mitochondrial potential (ψ m ) is an early stage of apoptosis. Our results showed that 2DG+FA+IR treatment caused severe loss of ψ m in NCI-H460 cells. The release of cyt. C is known to be a function of oxidative stress [47] and the change in mitochondrial potential caused by 2DG and FA might be the essential requirement for apoptosis. The increase in apoptotic cells during 2DG and FA treatments clearly indicate that this combination would be able to induce apoptosis. Earlier reports have emphasized the role of ROS generation in p53 and Fas-induced apoptosis [48, 49] . Metabolic oxidative stress mediated by O 2 • -and H 2 O 2 significantly contributes to the differential susceptibility of cancer versus normal epithelial cells to glucosedeprivation or 2DG-induced cytotoxicity [8] . Bhosle et al. [25] have documented that a decrease in mitochondrial potential is associated with cell death either by apoptosis or by necrosis. FA was also found to increase the radiosensitivity of HepG2 cells, and this was attributed to an enhanced rate of apoptosis [50] . Curcumin, a phenolic phytochemical, was shown to induce apoptosis in several human cancer cell lines but not in normal foreskin fibroblast cells [51, 52] . Ellagic acid, a similar phenolic acid, enhanced the radiation-induced oxidative stress and cytotoxicity in HeLa cells [25] .
Our findings along with other reports suggest that FA exhibits radiosensitizing properties in cancer cells. However, FA has protected normal cells from radiation induced DNA damage, lipid peroxidation and antioxidant changes in normal lymphocytes [20] . At lower dose ranges (2-10 mM), 2DG has not shown any toxic effect on normal lymphocytes which is evidenced by insignificant changes in cell viability, intracellular ROS generation, TBARS, reduced glutathione levels, NADP + /NADPH ratio and DNA damage. 2DG induced metabolic oxidative stress may contribute to the selective cytotoxicity in cancer cells compared to normal cells [8] . Under normoxia, 2DG elicits cell death in selected tumor cells (MDA 231 (breast), 1420 & 1469 (pancreatic) and 143B (osteosarcoma)) by interfering with N-linked glycosylation [10] . Maher et al., 2004 reported that 2DG induces cytotoxicity in tumor cells treated under hypoxic and normoxic conditions, even though the cell death was high under hypoxia [53] . Our results suggest the possibility that 2DG is toxic to NCI-H460 cells even under aerobic conditions. It has been already established that 2DG at higher concentrations is toxic to normal cells and efficacy of phytochemicals also depends on their concentration. The basic advantage of combination treatments is to achieve maximum therapeutic efficacy at lower concentrations.
Conclusions
The present study supports the hypothesis that 2DG combined with FA could enhance radiation effects in NCI-H460 cells by decreasing cell viability, reduced glutathione level, NADPH level, mitochondrial transmembrane potential and increasing the intracellular ROS level, lipid peroxidation, oxidative DNA damage and apoptosis. From our lymphocyte results, we are able to conclude that 2DG is able to induce selective toxicity in cancer cells. Our findings also support the use of therapeutic interventions designed to inhibit glucose metabolism combined with phenolic phytochemicals that increase oxidative metabolism and prooxidant production for maximal tumor cell death. Further trials are needed to confirm these preliminary results in an in vivo model.
